Tests are made of the stochastic long memory in the Greek stock market, an emerging capital market. The fractional di erencing parameter is estimated using the spectral regression method. Contrary to ® ndings for major capital markets, signi® -cant and robust evidence of positive long-term persistence is found in the Greek stock market. As compared to benchmark linear models, the estimated fractional models provide improved out-of -sample forecasting accuracy for the Greek stock returns series over longer forecasting horizons.
I . I N T R OD U C T I ON
The potential presence of stochastic long memory in ® nancial asset returns has been an important subject of both theoretical and empirical research. If asset returns display long memory, or long-term dependence, they exhibit signi® cant autocorrelation between observations widely separated in time. Since the series realizations are not independent over time, realizations from the remote past can help predict future returns, giving rise to the possibility of consistent speculative pro® ts. The presence of long memory in asset returns contradicts the weak form of the market e ciency hypothesis, which states that, conditioning on historical returns, future asset returns are unpredictable.
1
A number of studies have tested the long-memory hypothesis for stock market returns. Using the rescaledrange (R/S) method, Greene and Fielitz (1977) report evidence of persistence in daily US stock returns series. A problem with the classical R/S method is that the distribution of its test statistic is not well de® ned and is sensitive to short-term dependence and heterogeneities of the underlying data generating process. These dependencies bias the classical R/S test towards ® nding long memory too frequently. Lo (1991) developed a modi® ed R/S method which addresses these drawbacks of the classical R/S method. Using this variant of R/S analysis, Lo (1991) ® nds no evidence to support the presence of long memory in US stock returns. Using both the modi® ed R/S method and the spectral regression method (described below), Cheung and Lai (1995) ® nd no evidence of persistence in several international stock returns series. Crato (1994) reports similar evidence for the stock returns series of the G-7 countries using exact maximum likelihood estimation. The primary focus of these studies has been the stochastic long-memory behaviour of stock returns in major capital markets.
In contrast, the question of long memory in smaller markets has received little attention. Outside the world' s developed economies, there is a host of emerging capital markets (hereafter ECM) in developing economies that, in recent years, have attracted a great deal of attention from investors and investment funds seeking to further diversify their assets. Despite temporary setbacks, ECMs will continue to be important conduits of diversi® cation and a complete characterization of the dynamic behaviour of stock returns in ECMs is warranted. It must be noted that ECMs are very likely to exhibit characteristics di erent from those observed in developed capital markets. Biases due to market thinness and nonsynchronous trading should be expected to be more severe in the case of ECMs. Also, in contrast to developed capital markets which are highly e cient in terms of the speed of information reaching all traders, investors in emerging capital markets tend to react slowly and gradually to new information. In this paper, we look for evidence of long memory in one such emerging capital market: the Greek stock market.
The Greek stock market is represented by the Athens In mid-1989, due to the impressive positive developments that occurred in many EEC economies as well as the expectations that the Conservative party would return to power, foreign investors returned to Greece and a new rally began. In 1990, the return of a Conservative government to power and the expectation of a more liberalized economy (as evidenced by the government' s intention to privatize many state enterprises) provided a boost to the market and brought stock prices and trade volume up to record levels. From July 1989 to the beginning of July 1990 the stock index recorded an increase of 613.20%. The rally ended in July 1990 as the market reacted negatively to the Middle East crisis (the Iraqi invasion of Kuwait) and, later on, to the government' s failed bid to host the 1996 Olympic Games. From July through December 1990 the stock index recorded a decrease of 41.68%.
The Greek authorities are committed to modernizing and liberalizing the ASE in order to increase its e ciency and make it more accessible to international investors. The reforms that were introduced by the new stock exchange law (L. 1806/88) are expected to a ect the market positively and lead to the expansion of its activities. The introduction of new ® nancial instruments, like warrants, options, commercial paper, etc. is currently under way. There is no capital gains tax in Greece.
There has been limited research on the behaviour of stocks traded on the ASE. Papaioannou (1982, 1984) reports price dependencies in stock returns for a period of at least six days. Panas (1990) (1993) . Barkoulas and Travlos (1996) test whether Greek stock returns are characterized by deterministic nonlinear structure (chaos).
In this paper, we test for the presence of fractional dynamics, or long memory, in the returns series for the Greek stock market. The fractional di erencing parameter is estimated through application of the spectral regression method on weekly data for a carefully constructed stock index over a ten-year period. To address market e ciency issues, the forecasting performance of the estimated fractional models is compared to that of benchmark linear models on an out-of -sample basis. The results obtained strongly suggest that the stochastic long-memory behaviour of the Greek stock market ± an emerging capital market ± markedly di ers from that of major, well-developed stock markets. Long-memory forecasts of Greek stock returns dominate linear forecasts over longer forecasting horizons.
The plan of the paper is as follows. Section II presents the spectral regression method. In Section III the data set is described and empirical estimates of the fractional di erencing parameter are presented. A forecasting experiment is performed in Section IV. Concluding remarks are presented in Section V.
. T H E S PE C T R A L R E G R E S S I ON ME T H OD
The model of an autoregressive fractionally integrated moving average process of order …p;d ;q †, denoted by ARFIMA…p;d ;q †, with mean ·, may be written using operator notation as (Granger and Joyeux, 1980) . Assuming that d 2 …0; 0:5 † and d 6 0, Hosking (1981) showed that the correlation function, »…¢ †, of an ARFIMA process is proportional to k 2d¡1 as k ! 1 . Consequently, the autocorrelations of the ARFIMA process decay hyperbolically to zero as k ! 1 which is contrary to the faster, geometric decay of a stationary ARMA process. For d 2 …0; 0:5 †, P n kˆ¡n j»…k †j diverges as n ! 1 , and the ARFIMA process is said to exhibit long memory, or long-range positive dependence.
2 The process exhibits intermediate memory, or long-range negative dependence for d 2 …¡0:5;0 † and short memory for dˆ0, corresponding to a stationary and invertible ARMA model. For d 2 ‰0:5; 1 † the process is mean reverting, even though it is not covariance stationary, as there is no long run impact of an innovation to future values of the process.
Geweke and Porter-Hudak (1983) suggested a semiparametric procedure to obtain an estimate of the fractional di erencing parameter d based on the slope of the spectral density function around the angular frequency ¹ˆ0. More speci® cally, let I…¹ † be the periodogram of y at frequency ¹ de® ned by
I…¹ †ˆ1
2ºT
Then the spectral regression is de® ned by . The spectral regression estimator is not T 1=2 consistent as it converges at a slower rate. The theoretical variance of the error term in the spectral regression is known to be º 2 =6.
I I I . D A T A A N D E MPI R I C A L E S T I MA T ES
The data set consists of weekly stock returns based on the closing prices of a value-weighted index comprising of the thirty most heavily traded stocks (during the period 1988± 1990) on the Athens Stock Exchange (ASE30) developed by Travlos (1992) . The sample period spans 01/07/1981 to 12/27/1990 for a total of 521 weekly observations. The period 01/07/1981 to 10/11/1989 is used for in-sample estimation with the remaining observations used for out-ofsample forecasting. An important feature of this index is that prices of individual stocks have been adjusted to re¯ect any distribution of cash and/or securities, such as cash dividends, stock dividends, etc. as well as for any changes in the ® rm' s capital accounts which cause arti® cial changes in the associated stock prices. This stock index is of much higher quality than the Athens Stock Exchange composite index, which includes all companies listed. The latter index is very prone to biases due to market thinness. Figure 1 illustrates the ASE30 returns series over the entire sample period.
The period under analysis is of major importance because the decade of the 1980s was associated with major changes in the political and economic environment in Greece. First, in the political arena the ruling Conservative Party was replaced in government by the Socialist Party which in turn gave way to another Conservative administration. Second, during this period Greece became a full member of the EEC and undertook many institutional changes in the money and capital markets. These changes a ected the investment opportunities of investors and, consequently, securities' risk± return characteristics.
Before we proceed with formal statistical analysis we provide some more evidence regarding the performance of the Greek stock market. 100 drachmas invested on 31 December 1980 in the portf olio of stocks contained in our stock index grows to 6005 drachmas on 31 December 1990 resulting in a (geometric) average annual rate of return of 50.61%. Investors of stocks were subjected to a large standard deviation (88.75%) of the annual rate of return. For comparison purposes the associated geometric mean (standard deviation) for common stocks in the US over the past decade were 13.93% (13.23%). That is, over the period 1981± 1990 the average annual rate of stock returns in the ASE was about four times larger than in the US market, while the total risk was about seven times larger. Figure 2 presents the annual stock returns for each year in the sample period. The highest annual return was over 250% in 1987 and the lowest return reached about ¡35% in 1983. Table 1 reports the summary statistics for ASE30 weekly returns over the in-sample period (01/07/1981± 10/11/1989).
The sample mean return is positive and statistically signi® -cant at the 1% level. There are signi® cant departures from normality as the series is positively skewed and leptokurtic.
3 Table 2 presents the spectral regression estimates of the fractional di erencing parameter d for the ASE30 returns series over the in-sample period. A choice must be made with respect to the number of low-frequency periodogram ordinates used in the spectral regression. Improper inclusion of medium-or high-frequency periodogram ordinates will contaminate the estimate of d ; at the same time too small a regression sample will lead to imprecise estimates. . The superscripts *, ** indicate statistical signi® cance for the null hypothesis dˆ0 against the alternative d 6 0 at the 5 and 10% levels, respectively. The superscripts {, {{, indicate statistical signi® cance for the null hypothesis dˆ0 against the one-sided alternative d > 0 at the 1 and 5 levels, respectively. of the d estimates, two-sided (dˆ0 versus d 6 0) as well as one-sided (dˆ0 versus d > 0) tests are performed. To raise estimation e ciency, the known theoretical variance of the regression error º 2 =6 is imposed in the construction of the t-statistic for d. As Table 2 reports, there is evidence that the ASE30 returns series exhibits fractional dynamics with long-memory features. The fractional di erencing parameters are similar in value across the various sample sizes of the spectral regression and range from 0.2 to 0.3 in value. The Greek stock returns series is not an I…0 † process, which would exhibit a rapid exponential decay in its impulse response weights. It is therefore inappropriate to model the series as a pure ARMA process. However, the series is clearly covariance stationary as the d estimates lie below the 0.5 threshold of stationarity. The implications of the long-memory evidence in the ASE30 returns series can be seen in both the time and frequency domains. In the time domain, long memory is indicated by the fact that the returns series eventually exhibits strong positive dependence between distant observations. Such processes generate very slow, but eventual, decay in their impulse response weights. In the frequency domain, long memory is indicated by the fact that the spectral density becomes unbounded as the frequency approaches zero; the series has power at low frequencies.
I V . F OR E C A S T I N G G R E E K S T OC K I N D E X R E T U R N S
The discovery of a fractional integration order in the Greek stock market suggests possibilities for constructing nonlinear econometric models for improved price forecasting performance, especially over longer forecasting horizons. The nonlinear model construction suggested is that of an ARFIMA process, which represents a¯exible and parsimonious way to model both the short-and long-term dynamic properties of the series. Granger and Joyeux (1980) have discussed the forecasting potential of such nonlinear models and Geweke and Porter-Hudak (1983) have con® rmed this by showing that ARFIMA models provide more reliable out-of -sample forecasts than do traditional procedures. The possibility of speculative pro® ts due to superior long-memory forecasts would cast serious doubt on the basic tenet of market e ciency: unpredictability of future returns. If the market is weakly e cient, stock prices should follow a random walk process. In this section the out-of -sample forecasting performance of an ARFIMA model is compared to that of benchmark linear models. The following procedure is used to construct the longmemory models and forecasts. Given the spectral regression d estimates, we approximate the short-run series dynamics by ® tting an AR model to the fractionally di erenced series using Box± Jenkins methods. An AR representation of generally low order is found to be an adequate description of short-term dependence in the data. The AR orders are selected on the basis of statistical signi® cance of the coe cient estimates and Q-statistics for serial dependence (the AR order chosen in each case is given in subsequent tables). A question arises as to the asymptotic properties of the AR parameter estimates in the second stage. Conditioning on the estimate obtained in the ® rst stage, Wright (1995) shows that the AR…p † ® tted by the Yule± Walker procedure to the d-di erenced series inherits the T¯-consistency of the semiparametric estimate of d.
The Greek stock returns series is forecast by casting the ® tted fractional-AR model in in® nite autoregressive form, truncating the in® nite autoregression at the beginning of the sample, and applying Wold' s chain rule. A similar procedure was followed by Ray (1993) to forecast IBM product revenues and Diebold and Lindner (1996) to forecast the real interest rate. The long-memory forecasts are compared to those obtained by estimating two standard linear models: a random walk (RW) model, as suggested by the market e ciency hypothesis in its weak form, and an autoregressive (AR) model ® tted to the ASE30 returns series according to the Akaike information criterion (AIC). The maximum autoregressive order allowed is 48, corresponding to a one-year period. The maximum value for the AIC function is obtained from an AR model of order 9. The maximum AR coe cient value is 0.144 with the sum of all AR coe cients being 0.368.
The period from 10/18/1989 to 12/27/1990 has been reserved for out-of -sample forecasting. The out-of -sample forecasting horizons considered are 1-week, 2-week, 3-week, 1-, 2-, 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-, 11-, and 12-month forecasting horizons. These forecasts are truly ex ante, or dynamic, as they are generated recursively conditioning only on information available at the time the forecast is being made. The criteria for forecasting performance are measures of root mean square error (RMSE) and mean absolute deviation (MAD).
In generating the out-of -sample forecasts, the model parameters are not reestimated each time; instead the insample estimates are repeatedly applied. A question arises as to whether the fractional di erencing parameter remains L ong memory in the Greek stock market 181 stable over the out-of -sample period. To address this issue, we re-estimate the fractional di erencing parameter over the initial sample of 457 observations and then on subsequent samples generated by adding four observations until the total sample is exhausted. Figure 3 as the sample size increases. Therefore, basing the longmemory forecasts on the fractional di erencing parameters estimated from the initial sample is not expected to a ect the out-of-sample forecasting performance negatively. Table 3 reports the ex-ante forecasting performance of the competing modelling strategies for the ASE30 returns series. Both fractional models and the AR model signi® -cantly outperf orm the random walk forecasts over all forecasting horizons, suggesting market ine ciency. These improvements in forecasting accuracy increase monotonically with the length of forecasting horizon and hold true for both RMSE and MAD metrics. The superior performance of the long-memory ® ts over the RW ® ts holds true across the various estimates of d , suggesting robustness.
To provide a clearer picture of the relative forecasting performance of the alternative modelling strategies, Table 4 reports ratios of the forecasting criteria values (RMSE and MAD) attained by the various models. To conserve space, only the fractional model with the highest d estimate is presented. 5 The percentage reductions in forecasting accuracy obtained by the fractional and AR models over the RW model become dramatic as the forecasting horizon increases. As can be seen from Tables 3 and 4 , the AR forecasts compare favourably to the fractional-model forecasts. The AR forecasts have a slight edge up to a 28-week (7-month) forecasting horizon but they become inferior at longer horizons. The longer the forecasting horizon, the greater the forecasting improvement of the fractional model over that of the AR model. The forecasting performance of the long-memory model, as compared to that of the AR model, is consistent with theory. As the e ects of the short-memory (AR) parameters dominate over short horizons, the forecasting performance of the long-memory and linear models is rather 182 Barkoulas et al. 5 Similar results (available on request) are obtained for the fractional models with alternative d estimates. (K-steps dˆ0:219, dˆ0:305, dˆ0:266, ahead) AR (2) AR (2) AR (2) AR (9) similar in the short run. In the long run, however, the dynamic e ects of the short-memory parameters are dominated by the fractional di erencing parameter d , which captures the long-term correlation structure of the series, thus resulting in superior long-memory forecasts. In addition, the fractional model is a more¯exible and parsimonious way of modelling both short-term and long-term properties of the ASE30 stock returns series. This evidence accentuates the usefulness of long-memory models as forecast-generating mechanisms for Greek stock market returns, and casts doubt on the hypothesis of the weak form of market e ciency for longer horizons. It also strongly contrasts with the absence of long memory in major stock markets, providing evidence that emerging markets may have quite di erent characteristics.
. C ON C L U S I ON S
Using the spectral regression method, we ® nd signi® cant evidence of fractional dynamics with long-memory features in the stock returns series of an emerging capital market, the Athens Stock Exchange in Greece. Price movements in the Greek stock market appear to be in¯uenced by realizations from both the recent past and the remote past. The out-of -sample long-memory forecasts resulted in signi® cant improvements in forecasting accuracy (especially over longer horizons) compared to random-walk forecasts. Long-memory forecasts also dominate autoregressive forecasts for horizons exceeding six months. This evidence contradicts the martingale model, which states that, conditioning on historical returns, future returns are unpredictable. The practical usefulness of developing long-memory models for the Greek stock market is therefore established.
The long-memory evidence obtained for the Greek stock market is in sharp contrast to that obtained for major capital markets. This suggests the possibility of di erential long-term stochastic behaviour between major and emerging capital markets, and invites examination of the longmemory properties of other emerging capital markets. Investment strategies involving multinational equities portfolios should be based on a complete characterization of stock returns in emerging capital markets. Our ® ndings suggest that long-memory dynamics may prove to be an important element of that characterization.
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